An efficient and scalable synthesis of 6-formylindolo[3,2-b]carbazole (FICZ) has been developed to provide large quantities of this physiologically important ligand of the aryl hydrocarbon receptor. Photo-decomposition of FICZ revealed a new non-enzymatic lightassisted mechanism for its conversion to a biologically less active quinone. The light-dependent synthesis and decomposition of FICZ makes it a candidate hormone to link sun exposure to regulation of biological pathways in peripheral tissues.
Introduction
The day/night cycle controls basic aspects of human physiology, such as when we sleep and core body temperature. In mammals, light detected by photoreceptors in the eye entrains the rhythm of a molecular clock within specialized cells of the hypothalamus. Neuronal signaling and timed release of hormones, such as corticosterone and melatonin, are used transmit these circadian rhythms to other cells [1] . Cyclical secretion of the hormone melatonin by the pineal gland is a primary regulator of sleep and wakefulness. Melatonin has also emerged as one of the most biologically relevant molecules with regards to mental health and wellbeing suggesting an important link between small molecules and the day/night cycle [2] . The biology of peripheral organs also demonstrates important day/night differences, but less is known about how these are controlled by secreted hormones or how they are synchronized with the central clock. In bacteria, protein components of the molecular clock can be directly regulated by light [3] , but in humans no related processes are known for photochemical regulation of peripheral cell signaling.
6-Formylindolo [3,2-b] carbazole (FICZ, 1) is an interesting photoproduct of tryptophan (Fig 1) that was isolated by the Rannug laboratory as a light-induced ligand for the aryl hydrocarbon receptor (AhR) [4] . 1 is the most potent naturally-occurring AhR agonist. Strong evidence for its formation in humans by the action of light on the skin and its metabolism by the AhR-inducible CYP1A have been presented [5] [6] [7] . As such, 1 fulfills many of the requirements for a hormone that links sunlight to regulation of peripheral biological rhythms [8] . Remarkably, for a potential light-regulated hormone, relatively little is known about its photo-stability or potential for photo-degradation (Fig 1) . Despite the importance of 1 as a reference compound for AhR research, it is available in only small quantities from commercial vendors. The chemical synthesis of 1 was first reported by Bergman through a low yielding route that required purification of the final product by sublimation under reduced pressure [9] . Subsequent improvements [10, 11] were made to facilitate the synthesis of related carbazoles, but no simple scalable route for the production of 1 has been described. A key challenge in the synthesis has been the difficulty in handling the intermediate carbazoles due to their poor solubility. Even the most recent syntheses were completed on small scales that yield only a few milligrams of product [12, 13] . To address these issues, we developed an optimized synthesis that allows production of 1 in gram quantities for the first time and investigated the photochemical stability of the molecule. 
Materials and methods
Starting materials, reagents, and solvents were obtained from commercial sources and used as received. Indolo [3,2-b] 
Ethyl 2-(2-((1H-indol-3-yl)methyl)-1H-indol-3-yl)-2-oxoacetate
To a stirred suspension of lithium aluminum hydride (9.42 g, 248 mmol) in dry 2-methyltetrahydrofuran (250 mL) at -20 o C was added slowly a solution of (1-(phenylsulfonyl)- 
Photostability test

Results
Practical synthesis of FICZ
The readily available 1-(phenylsulfonyl)-1H-indole (2, Fig 2) was selected as one of the starting materials, since the phenylsufonyl group protecting group would direct ortho-lithiation of the indole by n-BuLi [14] . acetonitrile. Ring closure and carbazole formation was achieved by heating 7 in dioxane with methanesulfonic acid followed by work up and crystallization to deliver pure carbazole ester 9.
Borane-methyl sulfide complex was found to be the optimal reagent for reduction of the ester 9 due to the homogenous reaction mixture and simple work up to produce alcohol 10. Oxidation of 10 by DDQ yielded aldehyde 1, which was isolated by filtration. Following extensive washing with water, analytically pure FICZ (1) was produced as a yellow solid in high yield. The synthetic procedure (Fig 2) was successfully run on a multi-gram scale. Purification of the ringclosed carbazoles by crystallization was critical, since their poor solubility made column chromatography on large scale impractical.
Photostability of FICZ
Although FICZ (1) Fig 3a) , a chemically-related AhR ligand, was included as a comparator. As shown in Fig 3b, 1 decomposed rapidly in the presence of air and light with a half-life of less than 3 h. Decomposition of the unsubstituted carbazole 11 was at least 10-times slower under identical conditions. When the experiment was repeated in direct sunlight at a light intensity of 63000 lux, decomposition of 1 was even more rapid with a half-life of ~30 min (Fig   3c) . HPLC analysis indicated that both 1 and 11 formed a single major decomposition product, which was isolated and identified as indolo [3,2-b] carbazole-6,12-dione (12) by MS, 1 H and 13 C NMR (Fig 3a) [15] . To further characterize the stability of 1, DMSO solutions were subjected to 11000 lux over 28 d under different storage conditions (Fig 3d) . Significant decomposition was observed under all conditions, however the rate varied depending on the presence of bright light or air. Replicating the prior conditions of bright light and air, 1 was completely decomposed Importantly, we observed that air or light alone was sufficient to promote significant decomposition of FICZ (1) as a DMSO solution upon prolonged storage.
Bioactivity of FICZ and its photoproduct.
To understand the biological consequences of the decomposition of 1, a freshly prepared solution was tested for its ability to activate the human AhR. Using cells that were engineered to express a reporter gene composed of the cyp1a1 promoter driving expression of a β-lactamase reporter (Fig 3e) , 1 activated AhR with an EC 50 value of 3.9 nM. Under identical conditions, the photo-decomposition product 12 showed a much lower EC 50 value of 70 nM, while the unsubstituted carbazole 11 had an EC 50 value of 30 nM. Thus, photo-decomposition of FICZ (1) to the quinone (12) would result in a large decrease in potency (>17-fold) for the activation of AhR, a difference that could to be biologically significant for an endogenous hormone [16] . In contrast, conversion of unsubstituted carbazole (11) to the quinone (12) led to only a modest 2-fold decrease in potency that is unlikely to be biologically significant.
Discussion
FICZ (1) demonstrates many of the properties of a light-dependent hormone that could entrain peripheral tissues to the day/night cycle through exposure to sunlight. 1 is formed by UV or light irradiation of tryptophan [17] and, following activation of AhR, can increase expression of CYP1A1 to induce its own metabolism [7, 18] and provide a feedback mechanism to eliminate the hormone. Our stability experiments now reveal an alternative pathway to limit exposure of peripheral tissues to high levels of FICZ (1), through a non-enzymatic light and airinduced oxidation of the formyl-substituted carbazole. Notably, photo-decomposition of 1 was much more rapid than the unsubstituted analog 11, an alternate AhR ligand that can be formed in the gut from dietary precursors but is not induced by light. Although, both carbazoles decomposed to the identical quinone 12, the presence of the aldehyde in 1 clearly accelerated photo-induced oxidation of the carbazole core. The stability experiments were conducted using light intensities comparable to normal daylight as well as in direct bright sunlight. We observed that decomposition was faster in the brighter light corresponding to direct sun exposure.
Although regular laboratory lighting is generally 20-100 times less intense than daylight, our results dictate that solutions of 1 should be prepared immediately prior to biological testing and be shielded from air and light to ensure accurate results.
FICZ (1) is a naturally-occurring AhR ligand that is formed in the skin [6, 19] and may be an important physiological regulator of this transcription factor. Many dermatological conditions, such as atopic dermatitis and psoriasis, can be alleviate though judicious sun exposure [20] . In fact, therapeutic UV-B dosing is a common treatment for both conditions.
FICZ (1) has demonstrated immune modulating effects through activation of AhR and is effective in treating animal models of psoriasis [21] . Pharmacological treatment of atopic dermatitis and psoriasis with topical AhR ligands has also been shown to be effective in human clinical trials [22, 23] . Thus, the endogenous light-regulated level of FICZ may have an important role in maintaining healthy skin [24] . In addition to the production of 1 by the action of light on the skin, our results now suggest the possibility that the combination of light exposure with free oxygen in cells provides an additional non-enzymatic mechanism for limiting the total levels of FICZ (1) in peripheral tissues.
Conclusion
We have developed the first efficient gram scale synthesis of FICZ (1), which will allow investigators ready access to this important tool for study of AhR biology in pharmacological models of disease. Our results provide support for the proposed role of FICZ (1) as a lightdependent switch for a ligand-dependent transcription factor in peripheral tissues, such as the skin. It is remarkable that nature has non-enzymatic light-facilitated mechanisms to both generate [4, 5] and to remove this signaling molecule. Whether this process functions in humans to limit the concentration of FICZ in skin under conditions of bright sunlight remains to be explored, but it could potentially add further support to its emerging role as a physiologically relevant light-dependent hormone.
